Dissolution rates and apparent solubilities for synthetic hydroxyapatite in acetate buffers containing phosphate and strontium ions in the range of 10-3 to 10-2 M were determined under various pH and buffer conditions. Critical examination of the role of strontium with a physical model suggests that a calcium-strontium apatite surface complex may govern the driving force of the dissolution reaction.
In recent years there has been an increasing awareness of the possible influence of trace elements on the inhibition of dental caries. ' The available evidence has been qualitative and sometimes controversial. 2 Thus, it would be of considerable interest from a physicochemical standpoint to determine the roles played by ions other than the principal ions of hydroxyapatite in inhibiting the acid attack of the enamel mineral.
One of the trace elements of interest to investigators in caries research is strontium. 3 There have been clinical studies and some in vitro studies4 of the possible relationship of strontium to caries. However, the possible mechanistic role of this element in the caries process has not been determined.
In this report, a critical investigation of the influence of strontium on hydroxyapatite dissolution rates in acidic media is presented; the physical model approach was used as the principal technique for data evaluation. Systematic analysis points strongly to the interpretation that the dissolution rate of hydroxyapatite in aqueous media containing strontium may be governed by a surface apatitic complex with the composition Ca6Sr4 (P04) 6 (OH) 2' and with energy comparable to the parent surface counterpart, Ca10 (P04) 6 (OH) 2( Received for publication November 30, 1972. Materials and Methods CALCIUM-STRONTIUM APATITE SURFACE COM-PLEX MODEL.-In the physical model it is assumed that when hydroxyapatite crystals are exposed to acid buffers containing sufficiently high concentrations of strontium ions, a thin layer of a calcium-strontium apatite complex, Ca1o-0Sr. (P04) 6 (OH) 2' is formed rapidly around the crystal surfaces by the following reaction:
Ca1O (P04) 6 (OH) 2 + nSr2+ -* CalO-nSrn (P04) 6 (OH) 2 + nCa2 , (1) where n, an integer in the range of o<nl0, is the number of strontium ions participating in the substitution reaction at the apatite crystal surface. It also is assumed that this complex governs the ambient solution conditions at the crystal-solvent interface.
The transport of the various molecular and ionic species is determined by the strontium substitution reaction (equation 1) and the reaction taking place in the acid buffer solvent:
CalO-nSrn (P04) 6 (OH) 2 + 8H+ --(10-n) Ca2+ + nSr2+
The basic model for these processes is shown in Figure 1 . During dissolution, the acid species diffuse toward the crystal-liquid interface (x = o), and calcium and phosphate ions diffuse toward the bulk in the liquid diffusion layer of thickness h (x = h) . Thus, this model is based on the assumption that the dissolution of hydroxyapatite crystals in an acid buffer that contains a constant level of strontium ions is controlled by the activity products of the calcium-strontium a This activity product could be defined better as that which the calcium-strontium apatite complex is able to yield under the dynamic reaction conditions. apatite complex and the diffusion rates various species involved.
The appropriate equations for this mc are based on methods described in ear studies-56 of enamel dissolution in < media. For a one-dimensional problem 1), the following steady-state equations be used to describe the simultaneous di sion and chemical equilibria of the spe in the diffusion layer per unit area: 
Further integration of these equations over the limits x = o and x = h using equations 10 to 14 gave equations 16 and 17 (Fig 2) . I may be calculated from Je, the experimental dissolution rate, using the relation
A where A is the total surface area of the hydroxyapatite. The factor 1/A, may be obtained easily from similar experiments conducted in the absence of strontium acid data by use of the hydroxyapatite model5 6 and a Khap value of 1 X 10-132. 5, 6 SOLUBILITY PRODUCT CALCULATIONS WITH THE MODEL.-When dissolution of hydroxyapatite in acid buffers containing known concentrations of strontium ions reaches an apparent equilibrium, the apparent solubility product, K,,P, can be determined by analyzing the calcium and total phosphate concentrations in the bulk. Such data can be obtained for each dissolution rate experi- [10] [11] [12] [13] [14] Note: All diffusion coefficients were taken as 1 X 10-5 cm2 second-. * These corrections were based on activity coefficients established for ionic strength in the range of 0.1 to 0.2. The activity coefficients of calcium and strontium ions were assumed to be the same.
ment. Equation 14
, which is applicable to the bulk equilibrium conditions, then can be written Kap = (Ca) 10-n (Sr) X (P) 6 (OH) 2, (19) where the quantities in parentheses are concentrations in the bulk. (Sr) h is known and (Ca) h is analyzed. (P) h can be calculated by equation 20,
K2pK3p (20) where TP is the total phosphate analyzed in the bulk. The acid-ammonium molybdate solution was prepared by adding 15 gm ammonium molybdate to 1,000 ml 3.5 N hydrochloric acid solution. This stock solution was made up fresh every two months. The remainder of the procedure was the same as that described l)reviously. 5, 6 Results DISSOLUTION RATES AND SOLUBILITIES. -Figtire 3 shows typical raw dissolution data obtained with the hydroxyapatite crystals in various acetate buffer solutions. The amount of apatite dissolved is plotted against time. The initial data points are important because the experimental dissolution rates of apatite in all the solvents studied were obtained by taking the initial slopes of the dissolution curves such as those shown in Figure 3 . The plateau regions of the dissolution curves represent apparent saturation of the solvents with apatite. Data in these re- Table 2 . These are the key data used in the critical examination of the proposed physical model and in defining the role of strontium in apatite dissolution. Figure 4 shows the effect of strontium and phosphate ions on the dissolution of apatite in acetate buffers at various pH values. The results are presented as the percent of the rate without strontium or phosphate ions vs the concentration of strontium ions present in the buffer.
The strontium and phosphate, individually, significantly inhibited the hydroxyapatite dissolution rate. The dissolution rates generally decreased with increasing concentrations of strontium ions, except at the lowest strontium level of 1 X 10-3 M where no effect on the dissolution rate was observed (pH, 4.0 and 4.5). Also, the absence of strontium-phosphate showed an inhibitory effect that increased with increased phosphate concentration and increasing pH. This agrees with our previous work.5 '6 Figure 5 shows the results of model calculations based on ten experimental dissolution rates for hydroxyapatite crystals in acetate buffers (pH, 4.5) containing phosphate and strontium ions. The activity product, Kap, of the calcium-strontium apatite complex, Ca1j0_Sr. (P04) 6 6 (Sr) 4(PO4) 6 (OH) 2 = 10-133. First, it is clear that for almost all of the data, when n = 0, 1, 2 or when n = 8, 9, or 10, the spread of the model calculated Kap valuies are significantly beyond the expected experimental uncertainties. However, it may be argued that n = 4 is occasionally not better than n = 3 or n = 5 in some data sets that have been analyzed by the model. Brown.16 The possibility that poor choices for the model parameters might account for the difference between the "dynamic" activity product and the thermodynamic value has been discounted17,18 as a result of careful work with model compounds that truly dissolve in acid buffers by a solubility-diffusion-controlled mechanism, for example, dicalcium phosphate dehydrate in acetate buffers. Therefore, it has been proposed'9 that TVA apatite dissolves in weak acid buffers by a false solubility-diffusion-controlled mechanism in which the reaction rates are effectively both "surface-controlled" and bulkdiffusion-controlled. The governing TVA hydroxyapatite activity product for the reaction might be equated to a false solubility product, the value for which is consistently about 10-131 to The Kap value for the proposed Ca6Sr4-(PO4) 6 (OH) 2 complex is essentially identical to the parent entity Ca10 (P04) 6 (OH) 2 and also the "fluorapatite" counterpart, Ca10 (P04) 6F, for which the dynamic Kap1'5 value was about 10-130 to 10-132. Thus, it seems that such surface complexes may be a common occurrence for hydroxyapatite and can play important roles in governing the reaction kinetics in many situations. We anticipate that reaction rate-determining complexes of the type Cao-,,M. (PO4) 6 (F) 2 may govern rates of hydroxyapatite reaction when phosphate, fluoride, and a metal ion are present simultaneously in the reaction media. The clinical implication of this is that an inhibition synergism among phosphate, fluoride, and a foreign metal ion may exist and alter dental caries susceptibility.
Conclusions
A physical model was presented in an attempt to study critically the mechanistic role of strontium in inhibiting the dissolution rate of hydroxyapatite in acidic media. Experiments were conducted with synthetic hydroxyapaite (TVA). Initial dissolution rates and apparent solubilities of apatite were determined as a function of phosphate concentrations, strontium ion concentrations, and pH in acetate buffers.
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Systematic and self-consistent treatment of the experimental data with the proposed model suggest that the inhibitory effect of strontium may be due to the formation of a calcium-strontium apatite complex of the composition Ca6Sr4 (P04) 6 (OH) 2 at the hydroxyapatite crystal surface. Furthermore, this complex may have the character of an "activated complex" that controls the dynamic conditions at the crystal-solvent interface and gives an apparent solubility product of This work has shown that the roles played by foreign ions in enamel dissolution can be delineated by means of analyses based on physically well-defined models. It should provide the basis for futtire investigations of the roles of other foreign ions. Also, it is anticipated that synergistic inhibition involving two or more foreign ions (for example, fluoride plus strontium) may be analyzed by these techniques.
